We estimate the lensing convergence power spectrum from supernovae magnification data using real space correlation function technique. For our analysis we have utilized 296 supernovae from 5-year Supernovae Legacy Survey in the weak lensing limit. The data we used consists of measurements from four different patches, each of them covers almost 1 square degree of the sky, merged together. We demonstrate that it is quite possible to have a good estimate of the convergence power spectrum from this data. Our primary intention is to extract meaningful informations from SNLS weak lensing data and to demonstrate how the power spectrum for convergence can be reconstructed therefrom, without going into the nitty-gritty of errors, although we have done some error analysis in the process.
INTRODUCTION
Nearly two decades have passed since the discovery of accelerating universe from the measurement of luminosity distances of Type Ia Supernovae (SNe Ia) Riess et al. (1998) ; Perlmutter et al. (1999) . Since then the surveys of SNe Ia have become an essential ingredient of modern cosmology. Till date SNe Ia are the most powerful probe for the recent expansion history of our universe Knop et al. (2003) ; Barris et al. (2004) ; Riess et al. (2004) . The luminosity distance as measured from the SNe Ia is a direct probe for the Hubble parameter which in turn constrains the dark energy density and equation of state. Supernova Ia have homogeneous intrinsic brightness, since, upon standardisation, the dispersion in intrinsic brightness distribution turns out to be 16%, thereby making them very good standard candle candidates. They can be used as an efficient cosmological probe of the expansion history of the universe. Using these observations Riess et al. (2004) , Perlmutter et al. (1997) demonstrated the recent accelerated expansion of the Universe usually attributed to the cosmic constituent called dark energy.
In supernova cosmology, gravitational lensing effects the brightness distribution of the high redshift SNe Ia Holz & Linder (2005) . This can be seen as a source of uncertainty in the brightness distribution because of the additional scatter. This, however, has a sub-dominant effect in the cosmological parameter estimation since SNe magnification averages out due to flux conservation. In spite of that, in the following years gravitational lensing of the SNe Ia has emerged as an additional probe for the growth of cosmic structures. The study of gravitational lensing of SNe Ia (also standard candles) is useful as they help us infer about the mass distribution of the foreground line of sight. This can be materialised by analysing their lensing magnification Kronborg et al. (2010) , Jönsson et al. (2010) , Williams & Song (2004) , Ménard & Dalal (2005) , Cooray et al. (2006) . SNe Ia light curves are calibrated using colour and stretch factor corrections Phillips (1993) . These can be compared to the average standard candle light curves and conclusion can be drawn depending on their fainter or brighter nature than the average.
Simply put, gravitational lensing is the bending of the light rays in the presence of a massive gravitational object 2 Mitra, Pal and Pal in its vicinity Schneider et al. (2006) ; Bartelmann & Schneider (2001) . Lensing of SNe Ia concerns the distribution of the Hubble residuals, which provides information about the gravitational perturbations along the line of sight due to the introduction of non-Gaussian scatter into the SNe Ia Hubble diagram Scovacricchi et al. (2016) . SNe Ia lensing is an efficient tool for studying mass distribution of the large scale structures in the Universe as well as of galaxies and cluster haloes Caminha et al. (2016) ; Hoekstra et al. (2013); Möller et al. (2002) without depending on the nature of the matter. There are two main observables in lensing are : shear γ and convergence κ. Using shear one can do image analysis of the lensing sources and do foreground mass reconstruction by comparing the distortion with the un-lensed image sources. The other parameter, convergence, which is the dimensionless surface mass density, imparts an isotropic focussing effect on the lensing source (in contrast to shear Cooray et al. (2006) which produces an asymmetric distortion (anisotropy), thus lending a round source into an elliptic one). In lensing, magnification is a phenomenon responsible for the change in the apparent magnitude of the source. Mathematically it is given as
where A is the distortion matrix, commonly known as the Jacobian matrix that takes into account the local properties of mass distribution. In terms of convergence and shear, its determinant is given by
(2) Since, in the weak lensing regime both κ 1 and γ 1, so essentially magnification reduces to µ (1 + 2κ).
(3) Although the higher order terms may play important role Menard et al. (2003) , still the above approximation serves pretty well for extracting useful information from the convergence.
In this work our primary intention is to extract out meaningful information from the two point statistics done on the SNLS 5-year spectroscopic SNe Ia sample lensing data, and to demonstrate how the power spectrum for convergence can be reconstructed from this SNLS weak lensing data. More precisely, we will determine the convergence power spectrum from the magnification of SNe Ia using SNLS 5-year lensing data. The detection of cosmic magnification has come by cross-correlating fluctuations in background source count with the lower redshift foreground line of sight galaxies Bartelmann & Schneider (2001) . The first reliable detection of cosmic magnification came from the Sloan Digital Sky Survey almost a decade ago Scranton et al. (2005) . The angular auto-correlation of the magnification provides a direct measure of the lensing power spectrum containing the information about background cosmology and the growth of structure Cooray et al. (2006); Scovacricchi et al. (2016) .
Our approach in this paper is different from the usual analysis as it will be revealed subsequently. The methodology used in this article focuses on finding the power spectrum (or the correlation function) of the lensing convergence (κ) for the SNe Ia directly from SNLS 5 lensing data. However, in order to keep life simple, we did not exploit the redshift information contained in the broad z range of the SNe sample used here. Also, for this preliminary analysis we did not include the intrinsic error of the supernova magnification. As a result the quoted error of the reconstructed convergence power spectrum is not too accurate. As already stated, the primary intention of this article is to demonstrate how the power spectrum for convergence can be reconstructed from SNLS weak lensing data without delving deep into the details of error analysis, although we have demonstrated some basic error analysis in the process.
The outline of this paper is as follows : In Section 2 the data is presented, the following Section 3 we discuss the methodology used for our analysis. Then in Section 4 we discuss about the correlation estimator used for the analysis. In Section 5 we have presented the result and finally conclude the work in Section 6.
DATA
The data used here consists of the SNe Ia sample provided in the SNLS 5-year lensing analysis. The detailed description of the data is available in Ref. Mitra (2016) . The SNLS used CFHTLS Deep survey SNe Ia data which was drawn between 2003 − 2008 with 450 nights of observations. The CFHTLS used the MegaCam camera set up on the 3.6 m Canada-France Hawaii telescope 1 . The data was divided in four individual fields with ∼ 1 squaredegree field of view in each of them. The total number of SNe Ia used for our analysis is 296. The four Deep fields were separate patches of observations in the sky in four different locations taken in different seasons (Fig.1) . Such narrow pencil beam like survey design enables to observe very distant supernovae, z ∼ 1.2. Table 1 gives the details of the four Deep fields. In Fig.2 the redshift distribution of the lensing sample used for the analysis is presented. The dashed vertical line shows the mean redshift distribution of the SNe Ia sample z = 0.625. For the correlation computation, we carried out the analysis with the four individual D field's SNe Ia separately, which enabled us to check the correlations between the SNe Ia measured within the same patch of the sky in a single season. In each bin we have computed the two point functions for each pair of SNe Ia, giving n × (n − 1)/2 number of points for n samples in a bin. These points from the four individual bins in the final analysis were added together to obtain the final result. We used the convergence (κ) for each SNe Ia obtained from their corresponding lensing magnification (µ) expression given in Eq.(3) for this analysis. The convergence κ that we used are retraced from the µ provided for each SNe Ia in Mitra (2016) . We made an approximation of extracting a single κ for each SNe Ia data corresponding to each µ. Originally, µ is computed by adding the effects of individual line of sight lenses given in the form of κ i . However for our investigation purpose we compute a single mean κ per SNe Ia from Eq.(3) from the µ. We describe it as the mean projected inhomogeneity in matter distribution along the line of sight of each SNe Ia. The magnification values µ used from Mitra (2016) are computed using weak lensing approximation for each SNe Ia, in a circular aperture of 60 centered on the SNe within which the effect of lensing from galaxies are considered. Similar technique for SNe Ia lensing computation were presented before by Jönsson et al. (2010) ; Kronborg et al. (2010) using smaller sample size and lesser detection accuracy. For the angular separation angle between any two SNe Ia pair we have used the haver-sine formula. Let us explain this briefly. Let two supernovae be in the direction n 1 = (b 1 , l 1 ) and n 2 = (b 2 , l 2 ), where b and l are latitude and longitude respectively of the supernova in the galactic co-ordinate system. The separation angle between those two supernovae on the surface of the sphere is given by the haver-sine formula which determines the great-circle distance between two points on the sphere and is given by
In what follows we shall make use of this data in the analysis of reconstruction of convergence power spectrum for SNLS weak lensing. 
METHODOLOGY
In this work we have followed the technique developed in Refs. Kaiser (1992) ; Schneider et al. (2002) and the references therein. Though their analysis mostly deals with two point statistics of cosmic shear, we have employed to some extent, a similar method to determine the two point statistics of the lensing convergence field, which is our point of consideration. We will elaborate on this and will justify doing so in due course.
Two-point convergence correlation function
The two-point angular correlation function for the convergence of two sources located at ϑ and ϑ + θ, can be defined as Kaiser (1992) 
where θ = |θ| is the angular separation between the two sources under consideration. For the power spectrum we transform the convergence field in a 2D Fourier transform as follows,
where is a 2D dimensionless wavenumber. The power spectrum of the convergence field, P κ , can then be found from the following equation
With the help of the above equation, it is now very easy to see that the correlation function is related to the convergence power spectrum through the following relation
The above relation can be inverted using the orthogonal property of the Bessel function and the corresponding expression is as follows:
This provides a straightforward route to estimate the power spectrum directly from the observable correlation function. However, one needs to have the knowledge of the correlation function at all angles.
Two-point shear correlation functions
The two independent shear correlation functions ξ ± (θ) are related to the convergence power spectrum P κ ,
where γ t,× are tangential and cross-component of the shear and J 0 and J 4 corresponds to '+' and '−' correlation functions respectively. In the absence of B-mode, two correlation functions ξ + and ξ − can be expressed in terms of the other Crittenden et al. (2002) 
Here we may note that ξ + (θ) ≡ ξ κ (θ), and also from Eq.(11) that ξ − (θ) can be explicitly expressed as a function of ξ + (θ). So by knowing the convergence correlation one can, in principle, derive the ξ ± (shear) correlations.
Dispersion in Shear & Aperture Mass
The shear dispersion in a circle of radius θ is defined by considering circular apertures and ensemble-averaging over the square of the complex shear and is related to power spectrum by the following relation Kaiser (1992) 
Another very useful second order statistics of the shear is the dispersion of the weighted tangential shear in a circular aperture of radius θ whose dispersion is related to the power spectrum as follows Schneider (1996) 
This aperture mass statistic can be explicitly expressed in terms of the ξ ± correlations only,
where T ± are defined as follows
The explicit forms for the T ± functions can be found in Ref. Schneider et al. (2002) .
In what follows we shall make use of the above methodology to extract out meaningful information on the power spectrum for SLNS convergence.
ESTIMATOR
From Section 3, we see that all the second order lensing statistics are interrelated and they can be estimated from the convergence alone in the absence of lensing B-mode. Also, the shear due to gravitational lensing of the large scale structure is pure gradient field, E-mode, therefore no B-modes should be there. Hence, our assumption of no B-mode in the weak lensing limit is very nigh to the real fact. As a result, we can safely consider that the lensing B-modes are absent, and hence, can apply the above methodology to construct convergence power spectrum. Assuming that the correlation function is to be estimated in bins of angular width δθ, the estimator for the convergence correlation function can be defined as Schneider et al. (2002) 
∆ θ (φ) = 1, for θ − δθ/2 < φ θ + δθ/2, and 0 otherwise; and
N κ (θ) represents number of supernovae pairs in the bin with center at θ. The above sum is performed over all supernova pairs (i, j) with angular separation |ϑ i − ϑ j | within a bin width of δθ around θ. In a similar way the estimator for the shear correlations '±' can be defined
where t,× are tangential and cross-components of the shear. Since we shall be using magnification of the supernovae, we do not directly calculate the '±' correlations. Instead, we estimate convergence correlation from the data using Eq. (18) and derive '−' correlations from Eq.(11) using the fact that ξ κ = ξ + in the absence of lensing Bmode. The advantage of working with the real space correlation function is that, it can be calculated directly from the data.
ANALYSIS WITH FITTING POLYNOMIAL
In this article, we analyze the data in a different approach as our data set is small containing only 296 supernovae. The analysis we perform is as follows. From Eq. (18) we first estimate the ξ κ (θ) and inferred ξ + (θ) from it. Then we fit a cubic polynomial, ξ fit + (θ), through ξ + (θ) within the observed θ range, and calculate the ξ − (θ) using Eq.(11) setting the lower bound of the integral as θ min , which is the smallest separation between two supernovae available from the data. Again we fit a cubic polynomial, ξ fit − (θ), through ξ − (θ) within the available θ range. The resultant ξ fit ± functions are used for the integration.
In Fig.3 we have plotted ξ + correlation points along with the fitted polynomial. In order to calculate the ξ + correlation points we have used linear binning of width 5 (arc-min). We have also plotted the ξ − correlation points along with the corresponding fitting polynomial. The ξ − correlation points are calculated from Eq.(11) at the mid point of each bin. 
The ξ ± Correlations and the Error
To have the estimate of standard error, or the error of the mean of ξ + (θ), we first estimate the standard deviation from the data in each bin and then divide by the number of supernovae pairs in that bin as follows
(θ i ) are the mean, variance and square of the standard error respectively of the ξ + correlation in the i th bin and n b i is the number of supernovae pairs in that bin. The error of ξ − (θ) can then be easily estimated from Eq.(11) using the following relation,
where denotes derivative with respect to the argument and the second line follows from Eq.(11). In Fig.4 we presented the mean of ξ ± correlations in each bin and the standard error or the error of the mean associated with them.
The Convergence Power Spectrum
Now we use ξ fit ± (θ) functions to calculate the convergence power spectrum using the following formula Schneider et al. (2002) where K + ∈ [0, 1]. Of course, this is a biased estimator for non-zero θ min and finite θ max . However, we do not address this issue in this preliminary analysis just to keep life simple. We rather target to demonstrate that the methods works pretty well in extracting out meaningful information from the SNLS weak lensing data that may be useful in reconstruction of convergence power spectrum. For the evaluation of the integral we have set θ min ∼ 0 .4 , which is minimum separation between two supernovae available from the data and set K + = 1.0 for up to 3000 and 0.5 for the rest. In Fig.5 we have plotted the reconstructed raw convergence power spectrum. The resulting spectrum oscillates after ∼ 200 or so due to presence of the Bessel functions.
Finally we bin the reconstructed convergence power as follows Schneider et al. (2002) 
where il and iu are the lower and upper values in the i th bin and ∆ i = ln( iu / il ) is the logarithmic width of the bin. Here we have taken iu il = 2. Though we could not recover all the bin powers, two bin powers become negative. But, the shape of the binned power spectrum resembles well the true power spectrum.
In order to find the error in the convergence power spectrum, we first replace the above integral with a sum over the correlation angles. In other words, we evaluate the integrand at the mid point of each separation bin, for every . Then estimate the error of the convergence power spectrum, which turns out to be
In order to have an estimate for the Cov (ξ + (θ i ), ξ − (θ j )), we generate 50 equally spaced data points for ξ ± correlations using the corresponding fit functions at each bin. And evaluate the covariance at those point. In Fig.6 we have plotted the binned convergence power spectrum along with reconstruction noise and cosmic variance. For the cosmic variance we have assumed that we have 4 square degree (1 square degree for each patch). 
Shear-Dispersion & Aperture-Mass
From the reconstructed power spectrum we finally calculate the dispersion in shear using Eq.(13) and the aperture mass using Eq.(14). In Fig.7 we have plotted the dispersion in shear along with aperture mass at mid points of each bin. From the figure we see that shear dispersion is almost constant through out the entire range, while aperture mass varies a lot. In this work we did not provide any error bars due to the lack of available data at our disposal. We did not intend to do this either. As elaborated throughout the article, our intention was rather different : to demonstrate that convergence power spectrum can in principle be reconstructed from SNLS lensing data. Of course, in order to improve on errors, we need to wait for future data.
SUMMARY AND OUTLOOK
In terms of weak lensing analysis, dealing with magnification (hence convergence) is more difficult than measuring shear because of the difficulty in computing the small difference in the flux distribution of the source between a lensed(magnified) and an unlensed situation. In this article we have presented a very simple yet useful way to reconstruct lensing convergence power spectrum from the magnification of SNe Ia using SNLS 5-year data. Our analysis reveals that, supernovae magnification can indeed be used to extract information about the lensing convergence which in turn can help us to get hold of the lensing potential. However, the error of the reconstructed power spectrum are calculated naively from the data itself without taking into account the intrinsic error. As a result the quoted error of the reconstructed convergence power spectrum is not too accurate. A more accurate analysis demands the use of simulations which we shall investigate for in a separate paper. One should also take into account, during a more detailed study, the broad redshift range of the SNe sample used here, z ∈ [0, 1.2]. One possible way to deal with this could be by freezing different snapshots of the redshift slices and analysing them separately. However as the first step, our primary intention was to demonstrate that the method indeed helps in extracting out meaningful information about convergence power spectrum from SNLS weak lensing data, without going into the complexities of error analysis and other intricacies.
We stress upon the fact that the analysis presented here could pave the way for future SN surveys where with the abundance of SNe candidates the lensing effect would become one of the major sources of uncertainty. For example the LSST Science Collaboration et al. (2009) plans to observe SNe in order ∼ 10 6 over the next decade, giving a major boost to the present scenario where we only deal with ∼ 300 SNe Ia. Consequently, with the increasing sample size the accuracy of our formalism is also expected to improve by one, or more optimistically, a few, order(s) of magnitude at some stage.
Apart from lensing power spectrum reconstruction, our analysis may also help in putting tighter constraints on the cosmological parameters when combined with other datasets, although we did not address that issue in this work. We wish to come back with likelihood analysis of SNLS 5-year data along with its cross-correlation with other data using the redshift information shortly.
